Abstract-Laser ablation of single-crystalline indium phosphide (InP) was performed in air by means of linearly polarized Ti : sapphire femtosecond pulses (800 nm, 130 fs, 10 Hz). As a result of the irradiation with a variable number of laser pulses per spot ( 5), several morphological changes (crater formation, rim formation, ripple structures, and cones) were observed. These effects were explored using force modulation microscopy (FMM), a technique based on scanning force microscopy, allowing the simultaneous imaging of both topography and local stiffness at a high lateral resolution. The first laser pulse induces the formation of a protruding rim (height 20 nm, width 300 nm) bordering the ablated crater. A Fourier analysis of the multipulse generated topographies reveals the formation of wavelength-sized periodic ripples (modulation depth 100 nm) with an orientation perpendicular to that of the electric field vector of the laser radiation. Besides these morphological alterations, material modifications were also observed in the irradiated regions by means of the FMM technique. Within the ablated craters, local stiffness variations were found revealing an inhomogeneous material composition/structure as a consequence of the femtosecond pulse laser treatment.
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I. INTRODUCTION

D
UE TO THE great technological importance of semiconductors in electronics and photonics, the application of laser pulses to these materials has attracted large interest [1] , [2] . The need for lasers as tools for materials processing originates in the continued demand for miniaturization and performance improvement of components in electrical, optical, medical, and other commercial applications. Since appropriate laser systems are available, laser-induced phase transitions (e.g., annealing), as well as ablation were explored with more and more reduced durations of the laser pulses and with different wavelengths [3] - [13] . Since femtosecond laser systems are commercially available today, it is possible to explore the effects these extremely short pulses have on semiconductors further out in the infrared spectral region. Most of the experimental research of semiconductor laser treatment was performed on silicon (Si) and gallium arsenide (GaAs), a III-V semiconductor. As compared to single-element semiconductors of group IV, binary compounds such as indium phosphide (InP) exhibit an altered electronic band structure, which results in different electrical and optical properties, making them interesting for specific applications in microelectronics and optoelectronics. Usually, the processing of these materials was accomplished by the application of nanosecond laser pulses in order to perform chemical etching, quantum-well intermixing, or by several other technical treatments [2] . At high laser fluences, the thermal decomposition of the compound semiconductors, often associated with nanosecond laser ablation, results in a preferential removal of one of the constituents. The resulting accumulation of the other species on the surface limits the applicability of this technology.
Besides the irradiation of InP by nanosecond-and picosecond laser pulses [15] - [19] , the treatment by subpicosecond laser pulses was investigated as well [12] , [20] - [23] . In particular, this was done with respect to the lateral and vertical precisions of the ablation [12] , [20] , [22] , [23] , the chemical modifications due to processing in air [20] , as well as to the changes within the crystalline structure employing micro-Raman spectroscopy ( -RS) [21] and transmission electron microscopy (TEM) [23] . During the course of the investigations reported in [20] and [21] , noticeable submicrometer-sized alterations of the surface topography were observed. Unfortunately, many of the existing surface-analytical techniques lack either the required lateral resolution or the sensitivity necessary to characterize the nature of these modifications. At high lateral resolution, the sensitivity of the techniques is largely reduced and it becomes difficult to distinguish between the different morphological features. Therefore, the high spatial resolution of scanning force microscopy (SFM) was taken advantage of for simultaneously mapping both surface topography and mechanical properties within the laser-modified regions. This paper is organized as follows. In Section II, both the experimental conditions of the laser processing of the InP wafers and the employed SFM techniques are described. In Section III, the results of the SFM investigations of laser-induced surface modifications are discussed with respect to the interaction of InP with single and multiple femtosecond laser pulses. It will be shown that the proper selection of laser-processing parameters leads to the formation of distinct nanometer-sized surface structures. 
II. EXPERIMENTAL
The ablation of -doped InP wafers (American Xtal Technology, Fremont, CA) was performed under atmospheric pressure by means of a chirped pulse amplification Ti : sapphire pulsed laser system (Spitfire, Spectra Physics, Mountain View, CA) located at the Federal Institute for Materials Research and Testing (BAM) Laboratory VIII.22, Berlin, Germany. The laser emitted 130-fs pulses of linearly polarized light at a central wavelength of 800 nm (photon energy 1.55 eV). The duration of the pulses was measured using a second-order scanning autocorrelator by fitting the pulses to a temporal Gaussian profile.
The wafer was placed in the focal plane of a focusing lens ( mm), resulting in an almost circular laser spot on the sample surface. The central part of the laser focus was approximated by a Gaussian intensity distribution with a radius of m (as measured at of the maximum intensity). A computer-controlled -stage allowed precise positioning of the wafer.
The laser fluence of the incident light was varied continuously by using a combination of a half-wave plate and linear polarizer. A pyroelectric detector (PM 200, Bestec, Berlin, Germany) was used to measure the laser pulse energy. At a repetition rate of 10 Hz, heat dissipation between the laser pulses was sufficient to prevent changes in the initial temperature of the wafer during repetitive illumination. Additional experimental details are described in [20] .
The ablation morphologies were characterized by means of a scanning force microscope (also frequently called an atomic force microscope) driven in force modulation mode. In Fig. 1(a) , the experimental SFM setup is depicted. In this study, a dynamic imaging mode was employed while scanning the surface. The axis of fast scanning ( -axis) is perpendicular to the length axis of the cantilever ( -axis, also axis of slow scanning). The mechanical properties of the nanometer sized contact between the SFM tip and sample surface are sensed by means of displacement modulation. Simultaneous with the scanning motion of the cantilever, the vertical position of sample is being modulated (force modulation microscopy (FMM) via displacement modulation) [25] , [26] . The resulting dynamic bending of the SFM cantilever reflects the stiffness of the tip-sample contact. In an idealized system without internal damping (purely elastic interaction), the contact between the sample and SFM cantilever may be thought of as two springs in series [see Fig. 1(b) ]. On stiff regions of the sample surface, the deformation of the sample by the tip (indentation) is low. Thus, given a certain amplitude of the displacement modulation, the resulting dynamic bending amplitude of the SFM cantilever is increased if the tip is contacting a stiff region. By using the lock-in technique for signal recovery and feeding the resulting amplitude signal to the external input channel of the scanning force microscope hardware, amplitude images can be recorded simultaneously to the image of topography. The basic instrumentation of the employed scanning force microscope (type Explorer) was supplied by Thermo-Microscopes/TopoMetrix, Santa Clara, CA. The transducers for the displacement modulation were made up of Pz26-type piezoelectric material (Ferroperm A/S Piezoceramic Division, Kvistgard, Denmark). The excitation frequency of the FMM experiments was 57.7 kHz. The dynamic signals were recovered by employing an SR 830-and an SR 844-type lock-in amplifier (Stanford Research Systems, Sunnyvale, CA), respectively. The used FMR-type cantilevers (2-5 N/m, 70-90 kHz; by Nanosensors, Wetzlar-Blankenfeld, Germany) consisted of monolithic silicon with a diamond coated tip. Hence, the respective resonance frequencies of the cantilevers were well above the excitation frequencies.
For purposes of comparison, some micrographs of the investigated surfaces were made using an optical microscope (Reichert-Jung, Nussloch, Germany) employing a differential interference contrast method (Nomarski mode) and a scanning electron microscope (SEM, S-4001, Hitachi, Tokyo, Japan), equipped with a cold-field electron emission cathode (accelerating voltage 10 kV). -RS was performed in backscattering geometry on selected irradiation spots employing a DILOR -spectrometer, equipped with a liquid nitrogen cooled charge-coupled device (CCD) multichannel detector and a continuous wave (CW) Ar -laser (Carl Zeiss Jena, ILA 120, operation wavelength 514.5 nm, intensity 0.5 mW/ m on the sample). The lateral resolution of the -RS setup was less than 2 m, whereas the spectral resolution was 1 cm . Details of the experimental conditions are given in [21] .
III. RESULTS AND DISCUSSION
Prior to the SFM measurements, the first inspection of the laser irradiated regions was performed by means of optical microscope employing the Nomarski interference contrast method and by scanning electron microscope. This modification can be attributed to the process of surface melting with a subsequent transition of the molten surface layer into an amorphous state [21] . Since in the visible spectral range amorphous indium phosphide (a-InP) exhibits an increased reflectivity compared to the crystalline state, it appears bright in the OM image. Inside the amorphous zone, an additional ring of resolidified material near the edge of the ablated crater can be seen. Henceforth, this feature is denoted as the rim. It is bordering the zone where material removal (ablation) has taken place for single-pulse irradiation (see below).
The diameters of the annular features strongly depend on the laser pulse energy (fluence). A detailed analysis of the extent of the annular features as a function of the laser fluence applied to the same spot allows a proper determination of the different threshold fluence values for melting and ablation [21] .
For laser fluence above J/cm , melting of the InP surface occurs. If the cooling rates are high enough, the surface is left in an amorphous state. This amorphization process alters the optical, electrical, and thermal properties of the surface. Ablation of InP is observed for fluences higher than J/cm . Both threshold fluences for melting and ablation are rather similar. InP wafers by single near-infrared femtosecond laser pulses, which agree fairly with values published by other groups [22] , [23] . However, some comments have to be made for a quantitative comparison of the threshold fluences.
Argument et al. [22] determined a damage threshold fluence of 0.16 J/cm . Since this value has to be interpreted as the melting threshold [24] , it is in excellent agreement with the value found in [21] .
In the recent study by Borowiec et al. [23] , single-pulse ablation threshold values from 0.154 to 0.188 J/cm were reported (800 nm, 130 fs, 0.1 mbar) with uncertainties between 15%-50% (see the reference for details). These fluence values are somewhat smaller than that found in [21] , which might arise from the different (tight) focusing conditions and the vacuum environment employed in [23] . Additionally, under such very tight focusing, the relative width of the rims compared to the spot diameter itself is increased. Thus, the applied back-extrapolation technique of the squared crater diameters will give different threshold values depending on the evaluation of the inner or outer rim diameter.
A detailed comparison of the determined femtosecond thresholds for melting and ablation with those obtained with longer laser pulse durations is difficult due to the lack of suitable data. Kashkarov et al. [16] investigated the laser-induced phase transitions in -doped InP by nanosecond ruby laser pulses in air (694 nm, 20 ns). Performing time-resolved reflectivity measurements, they found a single-pulse melting threshold fluence from 0.12 to 0.22 J/cm and a single-pulse ablation threshold fluence of 0.5 J/cm . Although the melting thresholds are comparable for both pulse durations, the ablation threshold fluence for the nanosecond laser pulses is higher by a factor of nearly two as compared to the femtosecond pulse durations. This indicates an increased energy localization in the latter case.
A. Crater and Rim Formation
SFM was employed in order to get information about the material removal within the laser-irradiated regions. Fig. 3 shows an SFM analysis of two craters in InP processed by a different number of laser pulses ( and ) with a peak fluence of J/cm . The single-pulse ablation induced topography image is displayed in Fig. 3(a) . The corresponding cross section along the dashed white line is depicted in Fig. 3(c) . Ablation is evident only within the rim. This confirms that, for the single pulse irradiation, the outermost material modification (amorphization) is not accompanied by ablation [see Fig. 2(a) ]. The rim protrudes above the original surface plane (height 20 nm, width 100-300 nm). It is probably formed by the momentum transfer from the ablated material to the molten surface layer (recoil pressure) [1] or by hydrodynamical melt flows caused by the motion of the liquid due to surface tension gradients (the Marangoni effect) [27] . Similar rims were observed by Borowiec et al. [23] , who investigated the femtosecond ablation of InP for tightly focused femtosecond laser pulses (800 nm, 130 fs, m) by SEM and TEM. Their TEM study revealed that the rims are polycrystalline in nature.
The maximum depth of the ablated crater shown in Fig. 3 (a) is 80 nm, which demonstrates that a very precise material removal is possible for InP. This value is far smaller than the value of nm, which is expected for purely linear absorption in single-crystalline InP ( nm: light penetration depth in c-InP at the processing wavelength of 800 nm [28], J/cm : peak fluence, J/cm : single-pulse ablation threshold fluence, cf. Table I ). This result indicates that additional physical mechanisms such as multiphoton absorption or free carrier absorption with subsequent avalanche ionization [12] or transient changes of the optical constants due to the ultrafast process of nonthermal melting [8] , [9] contribute to the femtosecond laser pulse ablation of InP.
The application of the additional four laser pulses per spot leads to an increased crater depth of 330 nm and the formation of several morphological surface structures within the ablated zone (see Fig. 3(b) and (d), ). In the border regions of the crater, a highly oriented ripple structure can be seen. The orientation of these nearly straight lines is perpendicular to the plane of the electric field vector of the femtosecond laser radiation. In the central crater regions, another topographical structure develops in the form of locally protruding nanometer sized cones. Both topographically different features, the ripples and cones [marked by white ellipses in Fig. 3(b) ], were investigated in more detail by employing the specific advantages of the SFM technique.
It is interesting to note here that ablation outside the initial rim takes place for the multipulse irradiation at the same fluence [compare the black dashed lines in Fig. 3(a) and (b) ]. This indicates that the ablation threshold fluence for the second (and all subsequent) laser pulse is reduced due to the action of the first pulse. The main contribution to this effect is expected to arise from alteration of the optical properties of the amorphous material outside the initial rim. Even the second laser pulse interacts with a surface covered by a thin amorphous top layer, which shows an enhanced linear absorption coefficient ( nm: cm [29] and cm [28] ). Thus, even ignoring nonlinear absorption mechanisms at high intensities, the increase in results in an enhanced energy localization and, consequently, in ablation of the material outside the rim formed by the first laser pulse.
B. Ripple Formation
The formation of ripples, which are often termed as laser-induced periodic surface structures (LIPSSs), is a universal phenomenon that can occur on any material that absorbs radiation, regardless of its dielectric properties [30] . From the technical point of view, the ripple formation is an important process because it can limit the lateral and vertical precision of the femtosecond laser micromachining of InP wafers. In order to determine the lateral period of the periodic ripples quantitatively, a discrete two-dimensional Fourier transformation (2-D FT) was performed on the SFM topography obtained after the irradiation with subsequent linearly polarized femtosecond laser pulses ( J/cm , 800 nm, 130 fs, 10 Hz). Fig. 4(a) and (b) displays both the surface topography and corresponding 2-D FT image, respectively, which was obtained by employing the image processing software package SPIP 2.004 (Image Metrology ApS, Lyngby, Denmark).
In the lower part of Fig. 4(a) , a section along the dashed black line in the lower border region of the crater is shown. The ripple pattern is clearly resolved over a distance of over 30 m. Vertical modulation depths between 50-100 nm were detected for the ripple structure. Quantitative information about the lateral modulation periods are obtained from the Fourier-transformed topography image in Fig. 4(b) . The central region reflects the large spatial wavelengths (i.e., large-scale corrugations like the crater itself), whereas the border region is determined by the spatial pixel resolution of the SFM images (100 nm). Dark regions represent spatial frequencies of periodic surface structures, which are contained in the entire topography image with an increased frequency. The 2-D FT image is dominated by two sickle-shaped features associated with the periodic ripple pattern. The corresponding spatial frequencies are around nm; hence, the absolute value of is close to the femtosecond laser processing wavelength .
From the fact that the spatial periods of the ripples coincide with the laser radiation wavelength , while their orientation favors the direction perpendicular to the polarization of the incident laser radiation, the phenomenon can be attributed to the well-known mechanism of interference and subsequent local field enhancement [30] , [31] . The interference between the incident linearly polarized light and a surface wave (generated by scattering) leads to a periodic modulation of the absorbed light intensity and, consequently, to modulated ablation. The sickle shape of the dominant features observed in the 2-D FT image [see Fig. 4(b) ] suggests that the ripple orientation is not perfectly perpendicular to the electric field vector. This is consistent with the topography image [see Fig. 4(a) ] and with the earlier reported SEM investigation of the femtosecond laser irradiation of InP where it was observed that the ripples develop from more curved structures at lower pulse numbers into more straight lines at higher pulse numbers [20] . The sickle shape might arise from scattering and diffraction effects on the circular rims created during the first laser pulses (see also [21] ) or even on the roughened crater walls itself since these features act as a seed for the generation of the surface waves involved in the interference process.
One possible concept to avoid this effect of ripple formation and to improve the surface quality after laser processing would be the use of circularly polarized radiation instead of linear polarized radiation by introducing a quarter-wave plate in front of the focusing lens. However, by proper selection of the laser processing parameters (fluence, pulse number, wavelength), the self-organized process of ripple formation offers an easy way of producing nanostructured surfaces extended over lateral dimensions of some 10 m. This could be used for the single-step production of miniaturized diffraction gratings.
In order to investigate the influence of the femtosecond pulse number per spot on the ripple formation with respect to possible changes in the crystalline structure of the material, -RS was performed. To reduce influences of the surface topography on the Raman measurements (scattering, diffraction at the ripple structures), two representative spots were selected, which were treated previously by a single or by five femtosecond laser pulses at a peak fluence very close to the single-pulse ablation threshold fluence ( J/cm ). Optical micrographs of both irradiation spots are displayed in Fig. 5 .
Both laser irradiated regions appear bright. In the case of the single-pulse treatment, the entire spot appears smooth, whereas after the irradiation with five subsequent femtosecond laser pulses, some ripples are visible in the entire spot [see the insets of Fig. 5(a) and (b) ]. This indicates that, during the formation of the wavelength-sized ripples, a feedback mechanism is acting because the ripples were observed solely after multipulse irradiation with linearly polarized radiation. Under our experimental conditions, they were never observed after the application of a single laser pulse. Fig. 6 shows micro-Raman spectra from 150 to 800 cm , recorded in the center of the laser treated regions (denoted by Pos. 1 and Pos. 2 in Fig. 5 ). Additionally, a reference spectrum of the nonirradiated single-crystalline InP surface is displayed. In the reference spectrum of the untreated InP surface [see Fig. 6(a) ], several first-and second-order Raman lines are visible. The first-order longitudinal optical (LO) phonon peak appears at approximately 344.5 cm . At 355 cm , a strong peak appears, which can be attributed to the LO-phonon-plasmon-coupled mode (LOPCM) (L branch) [32] , [33] . This mode showed a significant dependence of its frequency on the excitation power. It arises from photogenerated free carriers during the Raman measurement. The mode becomes important when the plasma frequency of the free carriers in the material approaches the LO-phonon frequency. From the LO-L -peak splitting of 11 cm , a photoinduced carrier concentration of approximately 2 10 cm can be estimated at the reference position [21] . In the chosen excitation geometry, the transversal optical (TO) phonon peak is forbidden by the Raman selection rules in InP. Therefore, this peak exhibits a very low intensity at 306 cm . The second-order Raman peaks appear from 620 to 690 cm (2TO: 620 cm , TO LO: 653 cm , 2LO: 686 cm ), which is in good agreement with data published in the literature [34] .
A significantly altered Raman spectrum was obtained from the spot irradiated by a single femtosecond laser pulse [( ), Fig. 6(b) ]. Besides weak TO and LO peaks, the spectrum is dominated by two broad features around 300 and 440 cm , which are typical for a-InP [35] . The broad band at 300 cm is attributed to disorder activated optical (DAO) phonon modes. Due to the disorder-related loss of translational symmetry of the crystalline structure, all optical phonons of the Brillouin zone become first-order Raman active. The broad features are induced by the loss of long-range order, which reduces the coherence length of the phonons in the disordered material. In order to quantify the laser-induced alteration, the Raman spectra of the irradiated zones were deconvoluted in the range from 220 to 360 cm by fitting three Lorentzian-shaped peaks (TO, LO, DAO) to the experimental data. The results of this analysis are summarized in Table II. Interestingly, after the irradiation by a single femtosecond laser pulse, the LO and the TO peak exhibit nearly equal intensities. At the same time, their full widths at half maximum (FWHM) increased to 13 cm . From the nearly equal peak areas of the LO and TO peaks , it can be concluded that, after the resolidification of the laser-molten surface, small randomly oriented crystallites were formed. Following the analysis by Yu et al. [36] for this material, one can estimate a spatial correlation length (i.e., the diameter of spherical assumed crystallites) from the LO peak broadening. A value of cm indicates minimum crystallite sizes between 3.5-5 nm. This is in good agreement with TEM investigations, where 5-20-nm-sized polycrystalline grains were found after single-pulse femtosecond laser treatment of InP for fluences below 0.30 J/cm [37] , [23] . Obviously, peaks of two different crystalline phases (amorphous and polycrystalline InP) are coexistent in the Raman spectrum. Interestingly, the polycrystalline microcrystallites only show the signature of first-order Raman peaks. Contributions of second-order peaks are completely missing. In InP, the second-order optical phonon peaks are much more sensitive to lattice disorder effects than the first-order peaks [35] , and again, this fact indicates that a long-range order is still missing in the polycrystalline material. Solely from the Raman spectrum, it is not possible to distinguish between the two resolidification scenarios where: 1) the nanometer-sized crystallites are embedded within a matrix of a-InP or 2) a polycrystalline transition layer is formed between an amorphous top-layer and the single-crystalline wafer material.
The application of five femtosecond laser pulses of the same fluence distribution leads to a similar Raman spectrum with coexisting signatures of amorphous and polycrystalline InP phases [see Fig. 6(c) ]. Compared to the single-pulse irradiation, a partial reordering of the amorphous phase has taken place, which manifests itself in two observations, which are: 1) the peak widths of the TO and LO phonon modes are significantly reduced to values of approximately 4.6 cm (cf . Table II ) and 2) the LO peak exhibits a drastically increased intensity compared to the TO peak, which also manifests itself in an increased peak area ratio of . This suggests an epitactical recrystallization process for multipulse irradiation, which produces crystallites with minimum sizes between 100-500 nm [36] and a preferred orientation equal to that of the underlying wafer material. Also in the displayed Raman spectrum, the second-order optical phonon modes are not detectable. Additionally, the position of the LO peak is shifted by a few cm toward higher wavenumber values, indicating significant compressive stresses [21] . Due to the observed TO and LO peak intensities, these observations are more consistent with a recrystallization scenario of an amorphous top layer, covering a transition zone of polycrystalline material to the single-crystalline wafer (a-InP/pc-InP/c-InP). Nevertheless, due to the similarity of the LO and TO Raman peak intensities to that of single-crystalline InP, we cannot exclude significant LO and TO peak contributions of the underlying wafer material to the spectrum shown in Fig. 6(c) . Since the penetration depth of the Raman probing 514.5-nm radiation is 90 nm for crystalline InP [28] and 35 nm for a-InP [29] , respectively, one can estimate that the amorphous top layer has to be significantly thinner than 17 nm and that the thickness of the underlying crystalline material probed by the Raman system is in the order of 45 nm. Hence, the depth from which Raman spectroscopic information are obtained is significantly bigger than that probed by the SFM techniques (a few nanometers).
Interestingly, the appearance of the LOPCM modes was not observed in any of the laser modified regions. This probably arises from the fact that, in the laser modified material, the concentration of free carriers is much lower and the scattering rate is much higher than in the original InP wafer. This can be attributed to an increased carrier recombination rate due to the increased structural and chemical disorder within the resolidified InP.
However, in a very recent SEM study, Borowiec and Haugen [38] report about similar ripple structures in InP, having a 10%-20% smaller ripple period than the irradiation wavelength (800, 1300, and 2100 nm, 50-130 fs, -, 0.1-mbar vacuum). This small discrepancy might arise from differences in the experimental parameters such as the exact values of the number of laser pulses per spot, the laser fluence value, the size of the focal spot, the gas/vacuum environment, as well as from uncertainties in the determination of the ripple periods.
C. Cone Formation
In the central crater region, a completely different surface morphology was observed, which is dominated by submicrometer-sized cones. In order to reveal their physical properties, higher magnifying SFM images of the central part of the crater previously shown in Fig. 3(b) were acquired by employing the FMM mode. Fig. 7(a) displays the surface topography on an area of 10 m 10 m, whereas the corresponding FMM amplitude is shown in Fig. 7(b) .
From the FMM image, zones of reduced local FMM amplitude, i.e., stiffness, are recognizable, which are extended around the peaks of several granules. Care has to be taken not to confuse FMM contrasts caused by variations of the tip-sample contact area with true stiffness variations. Variations of the tip-sample contact area may result from topographic features [26] . In general, on the top of hills with a radius of curvature similar to that of the tip, the tip-sample contact area is reduced as compared to a flat sample site, and vice versa in the valleys. Thus, an FMM amplitude image governed by contact area variations is dark (low amplitude) on the top of the hills and bright (high amplitude) in the valleys. On the contrary, the amplitude image in Fig. 7 (b) exhibits bright tops surrounded by dark patches. Consequently, it may be stated that the observed amplitude variations are not dominated by topographic effects and originate from variations in local mechanical properties. These may reflect both chemical and structural differences. For instance, different local degrees of crystallinity may result in corresponding stiffness variations. As such, the dark area surrounding the hills (Fig. 7) may be identified as predominantly amorphous material exhibiting a reduced stiffness.
The interpretation of the SFM topography images is further complicated by the fact that a stress-driven instability of a thin film on a substrate (here, a laser-modified layer on the unaltered InP-wafer material) may also induce a self-organized surface deformation under the action of laser irradiation [39] , [40] . Micro-Raman spectroscopic investigations on the samples have shown that the InP surface is converted to an amorphous state if a single 130-fs laser pulse with a fluence between 0.16-1.3 J/cm interacts with the surface [21] . Consequently, the surface shown in Fig. 3(a) can be attributed to a thin layer of a-InP with a thickness of a few tens of nanometers. Nevertheless, the microRaman spectroscopic results presented in this paper show that, even at laser fluences of 0.24 J/cm , the multiple-pulse irradiation induces a partial reordering of the initially amorphous surface after the application of five pulses per spot. Thus, the developing topographical features (cones) obvious from Figs. 4(a) and 7, namely, the presence of microcrystallites embedded in an amorphous matrix, may also be attributed to that process of partial reordering of the crystalline structure.
It is interesting to note that cones were also observed after ion sputtering of InP surfaces [41] . In a recent work by Demanet [42] , sputter cones induced by Ne ions (5 keV, dose 2 10 ions/cm ) were investigated using SFM techniques such as FMM. Similarly, the cones were found to exhibit an altered material composition. Scanning and transmission electron microscopical investigations of sputter cones on InP (induced by Ar -ions of 3-keV energy) revealed that the cones can consist of different crystalline phases of the same material: a polycrystalline environment is formed around a monocrystalline body of the cone. At the same time, a metallic indium crystallite was observed at the tip of the cones [43] . Additionally, it was shown that the formation of ion-induced sputter cones strongly depends on the temperature of the bombarded InP material, as well as on the surface chemistry processes (e.g., oxidation) [44] , [45] . Such types of sputter cones with sizes (i.e., height and diameter) of a few tens of nanometers may be used for the shape reconstruction of new and already used SFM tips.
In order to characterize the morphological changes in the central crater region more quantitatively, a grain analysis was performed on the topography SFM image [see Fig. 7(a) ] using the SPIP 2.004 image-processing software. The results are shown in Fig. 8 , where the histogram of the cone diameters is given. The diameters of the cones are typically below 1 m. A least squares fit employing a pseudo-Voigt function shows that their lateral dimensions are peaked at a size of 430 nm.
The exact nature of the cones cannot be elucidated here. It is expected that they develop in a complex interplay between physical and chemical effects during repetitive melting and resolidification of a thin surface layer. The physical effects can arise from thermocapillary movements in the melt due to local surface tension gradients [27] , from the freezing of capillary waves from the melt [46] , from redeposition of ablated material, from coalescence of the cone structures remolten by a subsequent laser pulse, from a defect-concentration-driven surface instability [40] , or from the growth of polycrystalline grains during a partial reordering of the crystalline structure under the action of multiple laser pulses (laser annealing) [47] - [49] . The chemical effects can arise from changes in the local stoichiometry or from surface oxidation accompanying Fig. 8 . Histogram of the size distribution of the cone-like structures displayed in Fig. 7(a) . The black line represents a least squares fit with a pseudo-Voigt function.
the resolidification process (observed by Auger electron spectroscopy [20] ). Further studies are needed to clarify the origin of the femtosecond laser-induced cone formation in InP.
IV. CONCLUSION
In this paper, the femtosecond laser irradiation of single-crystalline InP in air (800 nm, 130 fs, 10 Hz) at laser fluences less than three times above the ablation threshold was investigated by means of OM, SEM, and SFM, as well as by -RS. For fluences above the ablation threshold (0.23 J/cm ), even the first laser pulse induces several morphological changes, such as the formation of a crater, which is bordered by a protruding rim of polycrystalline material (height 20 nm, width 300 nm). After multiple-pulse irradiation, laser-induced periodic surface structures (ripples) and cones were observed in different zones within the ablation crater. The orientation of the ripples (appearing as nearly straight lines) was always perpendicular to the electric field vector of the laser radiation. These morphological effects were explored in detail using several techniques based on SFM, such as FMM, which allows to probe the local surface stiffness at a high lateral resolution. A 2-D Fourier analysis of the multipulse generated topographies reveals that the lateral ripple period is close to the irradiation wavelength of 800 nm. Their vertical modulation depths are typically between 50-100 nm. The ripples were explained by interference effects between incident and scattered radiation. They could find an application in the single-step production of miniaturized diffraction gratings. Besides these topographical alterations, material modifications were also observed in the irradiated regions by means of the FMM technique. Within the region of the cone formation, variations of the local stiffness were detected on a lateral scale of 1-2 m, revealing an inhomogeneous material composition as a consequence of the multiple femtosecond pulse laser treatment. Supposedly, these material modifications arise from alterations of the crystalline structure (amorphous and polycrystalline regions), which were also detected by means of -RS.
